The PepFect family of cell-penetrating peptides (CPPs) was designed to improve the delivery of nucleic acids across plasma membranes. We present here a comparative study of two members of the family, PepFect3 (PF3) and PepFect6 (PF6), together with their parental CPP transportan-10 (TP10), and their interactions with lipid membranes. We show that the addition of a stearyl moiety to TP10 increases the amphipathicity of these molecules and their ability to insert into a lipid monolayer composed of zwitterionic phospholipids. The addition of negatively charged phospholipids into the monolayer results in decreased binding and insertion of the stearylated peptides, indicating modification in the balance of hydrophobic versus electrostatic interactions of peptides with lipid bilayer, thus revealing some clues for the selective interaction of these CPPs with different lipids. The trifluoromethylquinoline moieties, in PF6 make no significant contribution to membrane binding and insertion. TP10 actively introduces pores into the bilayers of large and giant unilamellar vesicles, while PF3 and PF6 do so only at higher concentrations. This is consistent with the lower toxicity of PF3 and PF6 observed in previous studies.
Introduction
Plasmids and oligonucleotides are promising therapeutics for treating genetic diseases via gene regulation. One of the main obstacles to their use is limited cell delivery resulting from their large size and hydrophilic nature. To overcome this, many viral and non-viral delivery vectors have been developed in recent years. Cell-penetrating peptides (CPPs) constitute a class of highly effective, non-viral vectors [1] . The definition of CPPs has changed over the years, but they are now considered as short peptides of less than 30 amino acids that are able to enter cell membranes and translocate different cargoes into the cells. Their most common features are a positive net charge and amphipathicity [2] .
The effectiveness of CPPs is clearly established, however, the mechanism of their entry is still widely debated. CPP mediated transport into the cell is held to occur either as a consequence of direct cell membrane penetration by the CPP or via the endocytotic pathway, which is the most common mode when CPP-cargo complexes are used [3] [4] [5] . The major concern is that the second, endocytic mode of entry can lead to endosomal entrapment, which seriously reduces the bioavailability of the cargo [6] . With oligonucleotides being the cargo of CPPs, it is necessary for the complexes to reach targets in the cytosol when the cargo is siRNA, or the nucleus when the cargo is a splice-correcting oligonucleotide. In vitro experiments have used chloroquine or sucrose to disrupt the endosomal membrane [7] . In vivo, different strategies have been employed to enhance therapeutic effectiveness. One is to modify CPPs with chloroquine derivatives to make them more effective at low pH and to destabilize the endosomal membrane [8, 9] .
We report a study of two chemically modified CPPs from the PepFect family, PepFect3 (PF3) and PepFect6 (PF6) whose structure is based on that of transportan-10 (TP10) [10] [11] [12] (Fig. 1) . PF3 is N-terminally stearylated TP10. It is known that acylation of peptides by Biochimica et Biophysica Acta 1818 (2012 [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] Abbreviations: CMC, critical micelle concentration; CPP, cell-penetrating peptide; DCM, dichloromethane; DIEA, diisopropylethylamine; DLS, dynamic light scattering; DMF, dimethyl formamide; GUV, giant unilamellar vesicle; LUV, large unilamellar vesicle; MIP, maximum insertion pressure; MLV, multilamellar vesicle; PF, PepFect; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1palmitoyl-2-oleoylsn-glycero-3-phospho-(1′-rac-glicerol); fatty acid might increase the ability of peptides for cell internalization; some acylated peptides were able to penetrate cell membrane and enter the cells even if this was not the case for their nonacylated analogs [13] . However, stearylation cannot be regarded as a generally beneficent modification leading to the improved cellpenetration of peptides, since it was shown that it did not increase cell-penetrating efficiency of CPPs penetratin and nona-arginine [10] . In the case of TP10, stearylation leading to PF3 results in substantial increase of the uptake of CPP-oligonucleotide complexes and, as a consequence, splice-correction. The effectiveness of transfection was found to be comparable to that for cationic lipid Lipofectamine 2000™ [10] . The structure of PF6 is based on that for PF3 with the addition of covalently linked, titratable, trifluoromethylquinoline moieties ( Fig. 1C and D ) [14] . Trifluoromethylquinoline is an analog of chloroquine which is the lysosomotropic agent, inhibiting endosome acidification, leading to endosomal swelling and rupture [15] .
As it has been shown, co-incubation of TP10-oligonucleotide complex with quinacrine greatly increased the efficiency of the splice correction by cargo oligonucleotide [10] . Therefore, including the analog of quinacrine into the PF3 structure thus obtaining PF6 seemed a logical development. As a result, in comparison to TP10 and PF3, PF6 is much more potent delivery vector for siRNA in vitro and in vivo, presumably by trifluoromethylquinoline promoted escape from endosomes by osmotic swelling and thus decreasing endosomal breakdown of CPPs and cargo by delaying endosome acidification [11] . PF6 and probably also PF3, both in complex with cargo, are mainly internalized via the endocytic route [11] . This includes interaction with the plasma membrane and then the endosomal membrane to promote passage into the cytoplasm. In this perspective, study of the interactions of PF3 and PF6 with model lipid membranes is needed to better understand the phenomena that occur at the cell and endosome surfaces. Moreover, in order to design and further optimize the PepFect family of delivery vectors, it is necessary to understand the impact of each chemical modification for ability to interact with lipid membranes. Using a combination of biophysical techniques we have compared and evaluated the contributions of the stearyl and trifluoromethylquinoline moieties. The results lead to the conclusion that the stearyl moiety has greater impact on interaction with a lipid membrane, while trifluoromethylquinoline modification has a negligible effect at neutral pH. In comparison with TP10, PF3 and PF6 have greater ability to insert into lipid monolayers composed of zwitterionic phospholipids, but are less potent in inducing leakage of vesicles. The interaction with a membrane composed of negatively charged phospholipids suggests predominantly hydrophobic interactions in the case of PF3 and PF6, while interaction with TP10 is probably governed by electrostatic interactions.
Materials and methods

Reagents
Stearic acid and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate were from Nova Chemical Company (USA), 1-hydroxybenzotriazole and diisopropylethylamine from Fluka (Sweden). A Discovery® C-18 Supelco® column and α-cyano-4-hydroxycinnamic acid were from Sigma-Aldrich (Sweden). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1′-rac-glycerol) (POPG) were from Avanti Polar Lipids (USA). TP10 was from Caslo Laboratory (Denmark) and Phospholipid LabAssay™ kit from Wako Pure Chemical Industries, Ltd. (Japan). All other chemicals were from Sigma-Aldrich (Germany) or Merck (Germany).
Peptide synthesis
Synthesis of PF3
TP10 was synthesized using the t-Boc solid-phase peptide synthesis strategy [16] . PF3 was prepared by treating TP10 peptide resins with 3 equivalents of stearic acid, 3 equivalents of 2-(1H-benzotriazole-1-yl) 1,1,3,3-tetramethyluronium tetrafluoroborate, 3 equivalents of 1-hydroxybenzotriazole and 8 equivalents of diisopropylethylamine in dimethylformamide for 30 min. The product was purified by reversedphase high-performance liquid chromatography (RP-HPLC) on a Discovery® C-18 Supelco® column using a gradient of acetonitrile/water containing 0.1% TFA. The identity of the purified product was verified by analytical RPHPLC and by Perkin Elmer prOTOF™ 2000 matrixassisted laser desorption ionization time-of-flight mass-spectrometer (Perkin Elmer, Sweden). The mass spectra were acquired in positive ion reflector mode using α-cyano-4-hydroxycinnamic acid as a matrix (10 mg/mL, 7:3 acetonitrile:water, 0.1% TFA).
Synthesis of the trifluoromethylquinoline derivative
4-Chloro-7-(trifluoromethyl) quinoline (3.8 g, 16.4 mmol) and N-methyl-2,20-diaminodiethylamine (25 mL, 194.1 mmol) were mixed and heated (80°C, 2.5 h; 130°C, 3 h; 140°C, 2.5 h). After cooling to RT, cold dichloromethane (DCM) was added and the precipitate filtered off and discarded. The organic phase was washed (5% NaHCO 3 aq × 2) and dried [MgSO 4 (s)], and the solvent removed under reduced pressure, giving N-(2-aminoethyl)-N-methyl-N′- [7- Adsorption studies were carried out with a Micro Trough S (Kibron Inc., Helsinki) using alloy wire (modification of the Wilhelmy plate method). Small volumes of peptide were added consecutively through a hole connected to the subphase, which consisted of 154 mM NaCl in water. The surface pressure (π) was determined when the thoroughly stirred solution reached equilibrium. The critical micelle concentration (CMC) was determined at the breakpoint when no further increase in surface pressure was observed [17] , denoting that the saturation pressure (π sat ) was reached.
Penetration of CPPs into the phospholipid monolayer
Lipids (POPC or POPG) dissolved in chloroform/methanol (3/1, v/v) were spread gently over the subphase (154 mM NaCl in water) in order to obtain a defined initial surface pressure (π i ). After 15 min, when the solvent had evaporated, a small amount of highly concentrated peptide solution was injected through a hole connected to the subphase. The final concentration of CPP was slightly below the CMC [17, 18] . The change in surface pressure (Δπ) was recorded as a function of time until a stable signal was obtained. The linear plot of Δπ as a function of π i was extrapolated to Δπ = 0 to give the maximum insertion pressure (MIP), which is a measure of the relative penetrative capacity of a peptide into the monolayer [19] .
Preparation of unilamellar vesicles (small, large and giant)
Phospholipid powder of POPC or a mixture of POPC and POPG at the desired molar ratio was dissolved in chloroform. Solvent was removed by rotary evaporation and subsequent high-vacuum evaporation at 50 mbar for~4 h to obtain dry lipid film. The lipid film was hydrated with TRIS buffer (140 mM NaCl, 20 mM TRIS, 1 mM EDTA, pH 7.5), or a calcein solution (60 mM calcein in TRIS buffer) for calcein release studies. The mixture was shaken vigorously using a tabletop shaker to obtain multilamellar vesicles (MLVs).
Small unilamellar vesicles (SUVs) were prepared by sonication of MLV dispersion for 30 min with 10 s on and off cycles, using a pulsed sonicator (Vibracell VC 500 Sonics & Materials). Vesicles were then centrifuged at top speed in a benchtop centrifuge to remove particles released from the sonication probe and incubated at 45°C for 30 min to allow SUV membrane to anneal.
Large Unilamellar Vesicles (LUVs) were prepared by subjecting MLVs to six freeze (liquid nitrogen)-thaw cycles to hydrate the membranes. MLVs were extruded through a 100 nm polycarbonate membrane with a small volume extruder (Avestin, Canada) at room temperature. This yielded unilamellar vesicles with an average diameter of 100 nm as examined by differential light scattering (DLS). The lipid concentration was measured using a Phospholipid LabAssay™ kit.
Giant Unilamellar Vesicles (GUVs) were prepared by electro-formation by the method of Angelova et al. [20] , modified by Mally et al. [21] . 12 μL of POPC dissolved in chloroform/methanol (1/1, v/v) was applied on the two platinum electrodes under low pressure to allow for solvent evaporation. The electrodes were then placed into a preparation chamber filled with 0.2 M sucrose solution. Alternating current of frequency 10 Hz and amplitude of 5 V was applied across the electrodes. After 2 h, the frequency was reduced to 5 Hz and the voltage amplitude to 4 V. After 15 min, the frequency and amplitude were decreased to 2.5 Hz and 3 V and, after a further 15 min, finally to 1 Hz and 2 V. The latter conditions were maintained for at least 30 min more to allow the GUVs to detach from the electrodes. Vesicles containing 0.2 M sucrose solution were suspended in iso-osmolar glucose solution to create sugar asymmetry between the inside and the outside of vesicles. Freshly prepared vesicles may have tethers and other protuberances, therefore, we used vesicles at least 1 day old, to allow the membrane to achieve its relaxed state. GUVs were used within 3 days.
Surface plasmon resonance (SPR)
The interaction of CPPs with lipid monolayer was monitored using a Biacore X analytical system (GE Healthcare) equipped with HPA sensor chip as described [22] [23] [24] . The TRIS buffer solution was filtered through a 0.22 μm filter and degassed before each experiment. The sensor chip was installed and the surface cleaned with 300 s injection of non-ionic detergent, 40 mM N-octyl β-D-glucopyranoside, at a flow rate of 5 μL/min. Immediately afterwards, SUVs composed of POPC or a mixture of POPC and POPG at 1 mM lipid concentration were applied for 20 min at 2 μL/min. The so formed lipid monolayer surface was conditioned with an injection of 10 mM NaOH (60 s, 50 μL/min) to obtain a stable baseline. Monolayers prepared in this way served as a model membrane surface to study CPP binding to membrane. Peptide solutions were injected over a lipid surface at a flow rate of 10 μL/min for 3 min. The peptide solution was then replaced by TRIS buffer and the peptide allowed to dissociate from the lipid monolayer for another 3 min. The monolayer with bound peptide was removed completely from the sensor chip by 1 min injections of N-octyl β-Dglucopyranoside and each experiment was performed on a freshly generated lipid monolayer surface.
Calcein release
LUVs loaded with calcein were prepared as described in Section 2.5. Free calcein was removed from the LUVs by gel filtration on a small G-50 column. Vesicles were stored at 4°C and used within 2 days. The permeabilization activity of CPPs was measured using a fluorescence microplate reader (Fluostar, SLT, Austria). A 96 well microtiter plate was filled with 200 μL/well of TRIS buffer that contained 20 μM lipids and increasing concentrations of CPPs, and incubated for 30 min at a room temperature. Samples were excited at 485 nm and fluorescence monitored at 538 nm. The maximal fluorescence intensity, corresponding to 100% leakage, was determined by lysing the vesicles with 2 mM Triton X-100. The percentage of permeabilization, R (%), was then calculated according to the following equation:
F and F 0 are the values of fluorescence before and after addition of CPPs, and F max the intensity after addition of Triton X-100.
Dynamic light scattering (DLS)
Particle size analysis was performed using a 3D-DLS Spectrometer from LS Instruments GmbH (Fribourg, Switzerland) equipped with a 20 mW He-Ne laser operating at a wavelength of 632.8 nm [25] . Measurements were performed at a scattering angle of 90°and the intensity correlation functions were analyzed using the Contin software to give the hydrodynamic radius (Rh) of the scattering particles. All measurements were performed at 25°C in TRIS buffer filtered through filters with a pore size of 0.22 μm. To get an insight into the influence of CPPs on LUV integrity, 1 mL of a 20 μM LUV solution was analyzed by DLS, followed by addition of a small volume of highly concentrated CPP to the LUV suspension to the desired CPP concentration and particle size again analyzed, immediately and after 30 min of incubation, to correlate the results with those on calcein release. The aggregation of CPPs was measured in a similar way in the absence of LUVs.
Observation of GUVs by phase-contrast microscopy
GUVs appear dark against the background as a consequence of the difference in refractive index of GUV contents (sucrose solution) and the surrounding medium (glucose solution). A white halo, characteristic of a phase-contrast image, appears around the vesicle. Formation of pores by CPPs was followed by exchange of sucrose and glucose across the lipid membrane which results in disappearance of the halo and fading out of GUVs. GUVs were studied singly and as a vesicle population.
Observation of a single GUV
GUVs were observed under an inverted optical microscope (Opton IM35 Zeiss) with phase-contrast objective (40× Ph2 PLAN). The vesicles were monitored using a high resolution camera (CCD-IRIS, Sony) with recording on S-VHS-XP pro TDK tapes. GUVs were transferred one at the time, using a micropipette, into the observation cell filled with an iso-osmolar glucose solution and recorded for 30 min. GUVs were selected based on their unilamellarity, absence of visible protuberances, and size around 50 μm diameter.
Observation of a vesicle population
GUVs were observed under an inverted optical microscope (Nikon Diaphot 200) with phase-contrast objective (20 × Ph2/DL) and images were recorded with digital camera (Hamamatsu C4742-95). 20 μL of 0.2 M glucose containing increasing concentrations of peptides was added to 180 μL of GUV solution prepared in 0.2 M glucose. GUVs with the peptides were placed in one observation chamber and GUVs diluted only with glucose were placed in a second observation chamber of the same volume for negative control. Vesicles larger than 20 μm were counted in fifteen observation fields in each chamber after 30 min of incubation. Vesicles that retained their halo effect were regarded as intact and vesicles without halo effect as faded GUVs. The fraction of burst GUVs was calculated from the ratio between the number of GUVs in the presence and absence of CPPs. It should be noted that, when the vesicle is completely faded, it becomes flotant and can be lifted out of the observation field, so some of the faded vesicles could be included in the burst ones.
Statistical analysis
Statistical analysis (one way ANOVA) was done by using PRISM4 program (GraphPad Software Inc., USA). Statistical relevance was assessed by Tukey's multiple comparison test.
Results
CMC determination by adsorption at the air/water interface
The affinity of CPPs for the air-water interface and their amphipathicity were determined by experiments at the air-water surface. All three peptides showed a clear amphipathic character with high π sat , the highest being observed for PF3 (Fig. 2) . The modified CPPs, PF3 and PF6, exhibited distinctly higher π sat values (38.0 ± 0.5 mN/ m and 32.7 ± 0.5 mN/m, respectively) than TP10 (24.8 ± 0.4 mN/m), which can be attributed to the presence of the stearyl moiety. One way ANOVA analysis confirmed that π sat values of all three tested CPPs differ significantly (P b 0.001, n = 3, Tukey's multiple comparison test). The presence of the trifluoromethylquinoline moieties in PF6 results in a lower amphipathicity, which is reflected in a lower π sat than that of PF3. The CMCs were determined by measuring the difference in surface pressure as a function of peptide concentration, resulting in values of 0.40 ± 0.03, 0.60 ± 0.03 and 0.52 ± 0.04 μM for TP10, PF3 and PF6 (averages ± S.D. of three independent determinations). By one way ANOVA analysis using Tukey's multiple comparison test it was found that CMC of TP10 significantly differ from CMC of PF3 (p b 0.001, n = 3) and PF6 (p b 0.05, n = 3), while CMCs of PF3 and PF6 are not significantly different (P > 0.05, n = 3). Because a value of 38 nM was obtained for TP10 [26] , using a slightly different method, we also determined the CMC for the detergent sodium dodecyl sulfate with our experimental setup, as a control. A value of 8 mM was obtained, which agrees well with the values reported in the literature [27] .
Penetration of CPPs into phospholipid monolayers
The affinity of CPPs for phospholipid monolayers was determined from changes in initial surface pressure after the injection of peptides into the subphase. The maximum insertion pressure, MIP, is the value up to which a peptide can insert into the monolayer and beyond which no insertion takes place [28, 29] . Using the POPC monolayer the MIP values for TP10, PF3 and PF6 were 34.2±1.6, 49.9±1.2 and 46.5± 0.8 mN/m (Fig. 3) . This indicates that the strength of interaction for POPC phospholipids follows the order PF3 >PF6 >TP10. Replacing the zwitterionic POPC with the negatively charged POPG monolayer results in a significantly greater MIP for TP10 of 46.8± 1.1 mN/m (Fig. 3A) , which has been already observed [26] . In contrast, the MIP values for PF3 and PF6 in a POPG monolayer were lower, at 39.9± 0.9 and 38.1 ± 0.8 mN/m (Fig. 3B, C) . 
CPP-lipid monolayer interactions measured by SPR
The interaction of CPPs with lipid membranes was further evaluated using SPR [24] . We initially attempted to use L1 and SA sensor chips, which enable stable immobilization of liposomes via lipophilic anchors or liposomes containing biotinylated lipids, respectively [24] . However, CPPs exhibited significant non-specific binding to the sensor chips in the absence of liposomes (data not shown), which precluded peptide membrane interaction analysis. We therefore used an HPA sensor chip that allows formation of a stable lipid monolayer [23] . We immobilized between 1400 and 2300 RU of lipids, which is enough to cover the majority of the flow-cell surface, thus minimizing the non-specific interactions with the hydrophobic alkanethiol-covered surface of the chip [23] . PF3 and PF6 bound considerably to the POPC monolayer (several hundred RU), while binding of TP10 was significantly lower and characterized with high dissociation rate. For example, less than 100 RU remained bound to the monolayer at five times higher concentration in comparison with PF3 or PF6 (Fig. 4) . The binding of modified CPPs was characterized by low dissociation (Fig. 4) . Interestingly, the signal for modified CPPs increased in the dissociation phase, particularly for PF3 (Fig. 4B) , indicating possible peptide-induced reorganization of the lipid monolayer. A decrease in PF3 and PF6 binding was observed when negatively charged POPG was included in the monolayer (Fig. 4) . However, the opposite tendency was observed with TP10 which now shows greater affinity for negatively charged lipids. SPR results are thus in accord with the results of the lipid monolayer insertion experiments described above.
CPP interaction with large unilamellar vesicles
Leakage of entrapped calcein from LUVs
The membrane perforating effect of the peptides was investigated by monitoring calcein release from LUVs composed of POPC and POPC:POPG mixtures. The percentage of leakage induced by CPPs from neutral POPC LUVs is presented in Fig. 5A ; leakage induced by 2 mM Triton X-100 was taken as 100%. All three peptides induced leakage at low concentrations and reached high and comparable levels of maximal leakage. TP10 induced 50% leakage at only 0.025 μM concentration and reached a maximal leakage of 82%, while PF3 and PF6 induce 50% leakage at 0.134 and 0.125 μM concentrations and caused maximal leakages of 83% and 70%. TP10 is a very potent inducer of membrane leakage, while stearylation reduces the ability, as observed for PF3 and PF6. The addition of trifluoromethylquinoline moieties does not have a major effect on calcein release, only slightly reducing the maximal leakage. In order to study the contribution of negatively charged phospholipids to the ability of CPPs to induce membrane leakage, LUVs with different POPC:POPG molar ratio were tested. For all three CPPs a tendency to reduce calcein release was observed with increase in POPG content (Fig. 5B) .
Integrity of LUVs
Dynamic light scattering was employed to examine whether the CPPs affect the integrity of LUVs. Experimental conditions used in this study were the same as for the above leakage study. Rh distribution functions of LUVs were determined before and after the addition of peptides at a final concentration of 1 μM, at which the release of calcein was maximal for all CPPs (Fig. 6 ). The mean Rh was 50 nm, which corresponds to the diameter of pores in polycarbonate membranes (100 nm) used in the extrusion phase of the preparation process. Addition of TP10 and PF3 does not change either the shape or the position of the distribution function (Fig. 6A, B) . Moreover, the intensity of scattered light by LUVs also remains unchanged. This indicates that TP10 and PF3 do not disintegrate the LUVs but release calcein through pore-like structures in the bilayer. This conclusion is further corroborated by the fact that the light scattering intensity decreases to the level of buffer background when Triton X-100, which breaks down LUVs into smaller mixed micelles [30] , is added (data not shown). Immediately after the addition of 1 μM PF6 to an LUV suspension the scattered light intensity increased considerably, which is ascribed to aggregates of PF6 (Fig. 6C) . Intensity of the LUV peak decreased and remained stable for the following 30 minute incubation (Fig. 6C) . At the same time a second peak appeared, with a mean Rh value around 180 nm that increased to 370 nm during incubation. The observed decrease in the LUV peak is thus a consequence of the contribution of this new peak in the distribution, which corresponds to larger particles. To confirm the origin of the second peak the behavior of PF6 without LUV solution was examined. Fig. 6D shows that PF6 forms aggregates with Rh around 130 nm that grow in the course of time. The detected PF6 aggregates in the presence of LUVs are larger and grow faster than those in the absence of LUVs (compare Fig. 6C and D) . The reason for this could be the establishment of mixed particles of lipids and PF6 aggregates. Contrary to PF6, pure TP10 and PF3 solutions were observed to scatter light very weakly (data not shown), which shows that these two CPPs do not form larger associated structures. These results indicate that all CPPs are unable to disintegrate LUVs. 
CPP interaction with giant unilamellar vesicles
The effect of CPPs on GUVs was evaluated by phase-contrast microscopy, with two different approaches.
Observation of a single GUV
For all three CPPs the observed GUV behavior was classified into three different events. In the lowest concentration range of CPPs (below 0.1 μM) vesicles change their shapes. Initially spherical vesicles become flaccid (Fig. 7A) and fluctuations of the vesicle shapes or formation of tubular structures (Fig. 7B ) was repeatedly observed, possibly indicating the intercalation of CPPs into the membrane. The effect could be observed already at concentrations around 0.01 μM and with the increasing intensity in higher concentration. It seemed to be slightly more pronounced with TP10 than with PF3 and PF6 but the quantification of the effect is, however, difficult to assess. Vesicles retained their halo effect during the observation time, indicating that at these concentrations peptides do not cause any perforation of the membrane that allows exchange of outer and inner solutes. At higher peptide concentrations (above 0.1 μM) a decrease of the halo intensity (Fig. 7D) or rapid burst leading to the disruption of vesicles was observed (Fig. 7E) . Reduction in halo intensity indicates mixing of the inner and outer solutions as a result of pore formation by CPPs. The process has two phases. First, we observed a longer lag phase (10 to 20 min) without decrease of the halo effect. During this phase the initially flaccid vesicle fills with the solution and become spherical, with stretched membrane. Differences in duration of this phase can be ascribed to the differences in the initial flaccidness of GUVs. The second phase lasted from 2 to 4 min and was seen as a decrease of the halo intensity, accompanied by transient pore [31] openings, as seen in Fig. 7C . At the highest concentration range used (above 2 μM) vesicles also first become spherical, indicating increase in the membrane tension. Subsequently, all vesicles burst and disintegrated in 2 to 4 min after transfer into the CPP solution. Until the final burst, the GUVs appear to maintain their optical contrast due to sugar asymmetry. The observed phenomena are probably a consequence of pore sizes that allow unequal flow of sugars and result in osmotic pressure change. CPPs appear to form pores in the bilayer which preferentially allow influx of glucose which is smaller than sucrose. This results in unequal concentration of solutes inside and outside GUV and drives water in GUV. The increase of osmotic pressure inside the GUVs is compensated by transient tension pore openings which enable a vesicle to eject part of its contents. Transient tension pore can be observed by the microscope (see Fig. 7C ) while much smaller pores induced by CPPs are not seen. At higher concentrations of CPP more CPP induced pores are formed, so that osmotic pressure is changed rapidly and cannot be compensated by the opening of transient pores. Consequently, GUVs burst and disintegrate [32] .
Observation of a vesicle population
We further evaluated and compared effects of the three CPPs at different concentrations by observing a vesicle population. As with the single GUV approach, the effects were classified into three classes: intact, faded and burst GUVs. The number of burst GUVs was estimated from the ratio of the numbers of GUVs in the presence and absence of CPPs (Fig. 8A, B) . Fig. 8C represents fractions of intact, faded and burst GUVs as a function of the CPP concentration. With increasing concentration the fraction of intact vesicles decreased for all CPPs. TP10 exhibited the perforating effect already at 0.01 μM concentration, while comparable effects were observed with PF3 and PF6 at 0.5 μM concentration. The maximal effect (disintegration of all vesicles) was observed at the lowest concentration for TP10, in accord with the leakage study on LUVs. Thus stearylation decreases the ability of CPPs to induce leakage from vesicles, only becoming effective at higher concentrations. The similarity of the results obtained with PF3 and PF6 shows that the trifluoromethylquinoline moiety exerts little effect on GUV perforation.
Discussion
The PepFect family of cell-penetrating peptides was designed to increase the efficiency of cell-internalization and to overcome endosomal sequestration of applied CPP/nucleic acid complexes and thus to improve their transfection ability [33] . PF3 and PF6 are very effective for transfection in vitro, and PF6 also in vivo, but little is known about their effects on lipid membranes [10, 11, 34] . Since peptide/lipid interaction is essential for induction of a specific endocytotic pathway or membrane translocation we have evaluated the contribution of the stearyl and trifluoromethylquinoline moieties on the ability of CPPs to interact with lipid membranes by comparing the effects of TP10 with those of PF3 and PF3 with PF6, respectively.
Experiments at an air/water surface demonstrate that neither the stearyl nor the trifluoromethylquinoline moiety significantly influences the CMC. However, the stearyl moiety increases the affinity for a hydrophilic/hydrophobic interface (seen as a high π sat ) and the amphipathicity of the molecule (Fig. 2) . According to its π sat TP10 is a strong amphipathic peptide that contains alternating hydrophobic and cationic domains [35] . Since PF3 and PF6 contain the same peptide domain as TP10, the pronounced amphipathic character is a consequence of the increased hydrophobicity due to stearic acid modification. Hydrophobic domains are not essential for internalization, as proven for CPPs composed of polar residues like polyarginine and polylysine. Nevertheless, they promote hydrophobic interaction with membranes that are believed to play a key role, besides electrostatic interactions, for amphipathic CPPs [7] . Addition of hydrophobic fatty acyl moieties has been shown to promote cellular uptake [36] [37] [38] [39] . Our experiments using the monolayer technique confirm insertion of stearylated peptides PF3 and PF6 into a lipid monolayer composed of zwitterionic phospholipids, with considerably higher MIPs than TP10 (Fig. 3) . This is in agreement with the fact that MIP increases with the length of the fatty acid attached to the peptide surfactin [40] . Surprisingly, the addition of partly hydrophilic trifluoromethylquinoline moieties to the hydrophilic part of PF3, to give PF6 resulted in decreased amphipathicity, although this effect is rather small. The cellular membrane lateral pressure is estimated to be around 30-35 mN/m [19, 41] and MIPs for TP10, PF3 and PF6 are higher. For this reason these CPPs are believed to insert spontaneously into the phospholipid monolayer and biological membranes [19] . The ability of TP10 to insert and interact with a lipid monolayer is considerably increased when the latter is composed of negatively charged POPG phospholipids, which indicates the large contribution of electrostatic interactions (Figs. 3A and 4) . Structurally, TP10 resembles antimicrobial peptides that are able to discriminate between neutral (host-like) and negatively charged (target-like) membranes, and its ability to interact more strongly with partly negatively charged membranes has been demonstrated [26, 42, 43] . Since the presence of POPG does not improve peptide-lipid interaction, but rather slightly lowers MIPs for PF3 and PF6, hydrophobic interactions presumably play the key role in the modified CPPs-membrane interaction. All these results are corroborated also with the results obtained by SPR showing that the addition of acyl moiety to TP10 increased affinity for lipid monolayer, however, the effect being more pronounced with zwitterionic POPC than with anionic POPG (Fig. 4) .
Comparing the results obtained with PF3 and PF6 for the binding to lipid monolayer by different methods, the general conclusion is that the effect of the trifluoromethylquinoline moiety is very small or even negligible with the tendency to slightly decrease the affinity.
The membrane destabilizing and permeabilizing ability of CPPs was determined by observing GUVs by phase contrast microscopy and by measuring their ability to induce leakage in a lipid bilayer, using LUV and GUV membrane mimetic systems. It was shown (see Results and Fig. 7 ) that all three tested CPPs destabilize the membrane of GUVs. Growth and shape transformation of GUVs have already been observed in different experimental systems studying the interaction of vesicles with peptides [31] , proteins [44] and lipids [45] . These phenomena seem to be related to the intercalation of agent into the membrane and the modification of the membrane curvature [44] . For the cell-internalization of CPP the destabilization of the membrane could be of relevance since it could provide facilitated passage of CPP and cargo through the membrane. Additionally, it could help membrane to reorganize what is an important step in different mechanisms of endocytosis.
We also showed that TP10 is very potent membrane leakage inducer in LUVs and GUVs. As observed with POPC in both systems, stearylation reduces the leakage induction of PF3 and PF6, while the addition of trifluoromethylquinoline moieties to the peptide does not have a major effect on the pore formation (Fig. 5A) . The effect of stearylation seems surprising if we compare PF3 and PF6 with acylated cationic antimicrobial peptides which show better membrane binding ability as their non-acylated parent peptides, and, in general, also more pronounced leakage activity [46] . This contradiction, on one hand, might result from the length of the acyl tail for which it was shown to affect differentially the pore formation of the acylated antimicrobial peptides [47] . Acyl tail in lipidated antimicrobial peptides was in all known cases shorter than in the case of PF3 and PF6. On the other hand, it was also found that in some cases lipidation of peptides does not in itself favors permeabilization but can make it less efficient, depending on the structure of peptide moiety and membrane lipid composition [47] . It seems possible, that the acylation can partly block pore formation by restricting peptide thus preventing the reorganization within the membrane that leads to the pore formation. As it was observed, the leakage of LUVs induced by TP10, PF3 and PF6, is the result of the formation of pore-like structures rather than the degradation of vesicles (Fig. 6) . Additional structural studies of PepFect peptides including the variable length of the lipid tail are planned to clarify these open questions. In accordance with penetration experiments, the addition of POPG to LUV membranes reduces the leakage induced by PF3 and PF6 (Fig. 5B) . This shows stronger interaction of TP10 with anionic than with zwitterionic lipids but in spite of this it is a less potent leakage inducer in POPC:POPG LUVs than in pure POPC LUVs (Fig. 5B) . A plausible explanation is that, in a net negatively charged membrane, electrostatic forces retain positively charged TP10 molecules in the headgroup region, while in zwitterionic membrane it can insert deeply and lead to major disturbance of the bilayer [42] . The acylation of TP10 introduces more hydrophobic nature to the peptide and obviously increases the affinity for zwitterionic membranes. In the case of smaller peptides its hydrophobic nature prevails even upon further hydrophilic modification with the trifluoromethylquinoline moieties, as observed here by the similar properties of PF3 and PF6.
Trifluoromethylquinoline moiety has been shown to have very small effects on all studied processes. Without knowing the exact impact of this moiety on the peptide structure and its hydrophobicity it is hard to understand our results. Trifluoromethylquinoline moiety is mainly not charged at the used pH of 7.5 (pKa1 = 7.8; pKa2 = 9.7; [48] ) but it incorporates several nitrogen atoms that can form hydrogen bonds with water and hydrophobic ring structures, therefore, it is itself moderately amphipathic. It seems, however, that in spite of relatively large dimensions the moiety does not change general properties of peptide, possibly because of the similarity in amphipathicity. However, it promotes aggregation of PF6 (Fig. 6D ), but also with PF6 in the aggregated state we have not detected any differences in membrane binding and pore formation.
Our study does not cover the impact of the structure of tested CPPs but we are aware that the interaction of peptides with the membrane strongly depends on peptide secondary structure, as it was shown for several CPPs [24] and related antimicrobial peptides [46] . It is well known that both types of these peptides are mainly non-structured in solution but they usually acquire at least in part α-helical or, in some cases, β-sheet structure. This is true also for TP10 for which it was shown that α-helical structure is associated with strong CPPmembrane interaction [26] . Similar studies with acylated analogs of TP10 have not been found in the literature and the effect of the acyl tail on the structure of TP10 is not known. Studies of acylated cationic antimicrobial peptides that share many structural features with acylated TP10 have revealed that acylation with long fatty acid promote the formation of α-helical secondary structure and increase the interaction with lipid membrane [46] . This is in accordance with our observations that PF3 and PF6 more strongly interact with the membrane than TP10 (see Figs. 3 and 4) and might indicate greater inclination of PF3 and PF6 to fold in α-helix than TP10.
In conclusion, we have shown that the addition of a stearyl moiety to TP10 increases the amphipathicity of the peptide and improves the insertion of CPPs into a lipid monolayer composed of zwitterionic lipids. However, it decreases leakage, and hence pore formation, in the LUV and GUV membrane mimetic systems, which seems to be the cause of lower toxicity of PF3 and PF6 in comparison to TP10.
The trifluoromethylquinoline moiety does not exert much influence on CPP interaction with a lipid membrane and it does not interfere with pore formation, while it induces the aggregation of PF6 molecules. However, aggregation does not modify the interaction of PF6 with lipids. This shows that endosomal escape is not the consequence of the modified interaction of peptide with lipid bilayer but is the result of other processes, for instance the osmotic swelling of endosome by increase of its pH after binding of protons to trifluoromethylquinoline, as already suggested. The presence of negatively charged phospholipids in the membrane improves the peptide/lipid monolayer interaction for TP10 and decreases the interaction in the case of PF3 and PF6. This indicates the importance of electrostatic interactions in binding to the membrane in the case of TP10 and hydrophobic interactions in the case of PF3 and PF6 and also shows differences in affinity of PepFect CPPs for various types of lipids. This selectivity could explain the ability of PF3 and PF6 to cluster lipids in membrane bilayer [5] and together with the shown propensity for the destabilization of the membrane it could contribute to the cell-penetration ability of PF3 and PF6.
